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In this study, we aimed to evaluate the intra/inter-session and intra/inter-observer variability of manual segmentation of
thickness of the pre-lens tear ﬁlm, contact lens (CL), post-lens tear ﬁlm, epithelium, bowman’s layer, stroma and the
whole cornea and CLs with a ﬂat and a steep ﬁt, using a commercial high-resolution spectral domain optical coherence
tomographer (OCT). Two different observers obtained three repeated measures in two separate sessions. A high
correlation was found between the values obtained by the two different observers, except for the thinner layers,
epithelium, and Bowman’s layer. Inter-observer analysis showed a high consistency in the measurements obtained by
both observers (r2 ≥ 0.80; p < 0.001) for the thicker layers: CL, stroma, and total cornea. Intra-observer analysis of
measurements obtained by each observer within the same session displayed no statistically signiﬁcant differences
between the three repeated measures for both observers (p > 0.05). The present results suggest that manual segmentation
of anterior segment OCT images in CL wearers provides acceptable levels of repeatability between observers and
between different sessions for the thinner layers, while presenting a high level of repeatability for the thicker layers.
Keywords: optical coherence tomography; manual layer segmentation; repeatability; corneal thickness; epithelial
thickness; tear ﬁlm thickness
Introduction
The increasing number of contact lens (CL) materials,
designs, and wear options over the last years make
increasingly important to determine the intimate relation-
ship between the ocular surface and the CL. The detailed
assessment of such relationships might play an important
role in our understanding of the comfort of CLs and the
detailed evaluation of the cornea will be relevant for the
detection and follow-up of corneal disease [1,2]. With all
these features in mind, optical coherence tomography
(OCT) has been established as a valuable instrument in
clinical practice and research ﬁrst for the retina and later
to the anterior surface of the eye [3,4].
OCT is a noninvasive, noncontact optical imaging
modality, which applies low coherence interferometry
and uses an image mapping process to display high-
resolution cross-sectional images of the ocular structure.
Originally designed to measure the different layers of the
retina [6,7], it has now assumed an increasingly impor-
tant role in the diagnosis and management of a multitude
of ocular conditions, including age-related macular
degeneration, diabetic macular edema, and many other
retinal conditions [8].
More recently OCT technology has expanded its
applicability to measuring corneal and epithelial thick-
ness in living corneas in situ [7,9,10]. Low coherence
interferometry provides a single log reﬂectivity proﬁle in
which corneal which the thickness of the different cor-
neal layers can be determined by measuring the distance
of log reﬂectivity peaks from the various interfaces [9].
Typically, corneal thickness is determined as the distance
between the ﬁrst and last peak while epithelial thickness
is determined by the distance between the ﬁrst and sec-
ond peak, as described in previous studies [9,11].
Studies evaluating the corneal response to CL wear
have recognized the potential of OCT [11], but the
early technology based on time domain OCT had
limitations in terms of the ability to obtain real-time
imaging of the ocular surface and to carry out three-
dimensional imaging or capture motion artifacts. When
compared with optical pachymetry, OCT presents an
overestimation of thickness in normal and edematous
corneas [11]. Recently, spectral domain OCT allowed
imaging of aspects such as CL and ocular surface rela-
tionships, noninvasively, with much higher degrees of
axial and lateral resolution for wider ﬁelds of view
[3,12]. Toth et al. [5] using a modiﬁed commercial
OCT instrument and were able to obtain cross-sections
images of the ocular surface covering a wide angle of
view from limbus to limbus and beyond with 3-μm
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axial resolution. They also showed examples of visuali-
zation of the tear menisci and post-soft lens tear layer
and the proﬁle of the edge of different CLs. At present,
there is a limitation in the ability of OCT instruments
to automatically detect the limits between thin layers
such as the epithelium, ﬂap in corneal refractive sur-
gery, Bowman’s layer, or the separation between the
cornea and CLs. As in many instruments, this process
is still done partially or completely by the operator, it
is relevant to evaluate inter-observer and inter-session
reliability of this procedure.
In this study, we aim to evaluate the intra-session,
inter-session, and inter-observer repeatability of manual
segmentation of OCT images to extract CL, post-lens
tear ﬁlm, and different corneal layers thicknesses using
a commercial high-resolution spectral domain OCT
device.
Methods
Subjects
Five healthy young subjects aged 21–25 years (range,
23.34 ± 1.43 years) were randomly ﬁtted on their right
or left eye with a thick soft CL. Inclusion criteria
required that subjects were not taking any ocular or
systemic medication, did not wear CLs before the
study, and had no ocular or systemic disease. The
study was performed in members of the CEORLab
staff who gave their written consent to participate fol-
lowing the tenets of the Declaration of Helsinki.
Informed consent was obtained from all volunteers
before all the interventions, and they also gave their
permission to treat their clinical data anonymously for
research purposes.
Contact lenses
The Soft K soft CL (Soﬂex; Isralens, Ltd, Misgav,
Israel) used in this study is made of a nonionic high
water content material (58%) under the generic name
GM3, which is a copolymer composed of glycerol-
methacrylate and vinylpyrrolidone. The lens was ﬁtted
after a trial to ﬁnd the best lens-to-cornea relationship
under slit-lamp evaluation. The aim was to obtain good
centration to warrant that all volunteers had the same
part of the lens over the central cornea. Two different ﬁt-
tings were performed, one parallel ﬁt to minimize the
separation between the lens and the cornea (Figure 1(A)),
and one steep ﬁt by ﬁtting a lens 0.6 mm steeper than
the previous one to create a separation between the lens
and the cornea (Figure 2(A)).
Instrumentation
A high-resolution spectral domain OCT (Copernicus HR-
SOCT; Optopol Technology SA, Zawiercie, Poland) was
used. This device was conceived as a posterior segment
high-resolution OCT providing axial resolutions of 3 μm
using an 850-nm wavelength, but it can be also used for
anterior segment viewing through a coupling device, also
commercially available. Anterior segment imaging mea-
sures counts with an axial resolution of 2.88 μm (accord-
ing to manufacturer). A 5-mm observation ﬁeld was
obtained for all the images. Scanning speed is up to
52,000 A-scans per second according information from
manufacturer.
Measuring protocol
All patients had been awake for at least at least 4 h
before attending the laboratory on that session. All
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Figure 1. OCT image representing a CL with a parallel ﬁt. Arrows identifying different layers measured (A) and schematic drawing
of the same structures at an exaggerated scale to highlight the different parameters obtained (B). (The colour version of this ﬁgure is
included in the online version of the journal.)
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volunteers were evaluated between 14:00 and 17:00 h to
minimize diurnal variations in corneal thickness or to
avoid potential variations in hydration control during the
session [11,13,14]. CLs were applied and were allowed
to settle for 20 min. Once all alignments were obtained,
the volunteer was asked to open the eyes, and with mini-
mal additional adjustments the image was obtained
within 3 s after the last complete blink. To ensure that
measurements are reliably obtained at the same corneal
location, the specular reﬂex induced when the incident
beam is perpendicular to the corneal apex was used as a
reference; at this moment, minimal changes on instru-
ment location were done to get an image free from
specular reﬂex noise.
Then the image was processed and the measures
were obtained manually using the instruments software.
To improve reliability of measurements, the following
procedures were used: (1) the image was magniﬁed to its
maximum using the OCT software; (2) the image was
kept centered on the visualized area; and (3) the center
of the image was used for data collection being coinci-
dental with the corneal location aligned with the instru-
ment during data acquisition. This procedure was
maintained for three different acquisitions in the two
sessions by both observers.
To determine agreement between different examiners,
the examination was done by two observers (observer 1
and observer 2) within 30 min interval, taking three
repeated measures. The three measures from each observer
were also used to evaluate the repeatability of measures by
each observer. To evaluate the inter-session agreement, the
retest was done by user 1 and 2 on the following session at
the same time and in the same conditions.
The outcome measures were the thickness of the pre-
lens tear ﬁlm, the lens, post-lens tear ﬁlm, epithelium,
bowman’s layer, stroma, and the whole cornea. For some
thin layers (post-lens tear ﬁlm, Bowman’s layer), the
thickness was subtracted from the thicker surrounding
layers (CL, cornea or epithelium, and stroma, respec-
tively) in order to minimize the potential errors of edge
detection when trying to isolate the borders of the thin
layer directly. The layers under evaluation as well as the
methods used to obtain each (direct or indirect) are illus-
trated in Figure 1(B) for the parallel ﬁt and in Figure 2(B)
for the steep ﬁt.
Statistical analysis
The data were entered in an MS Excel sheet (Microsoft
Inc, Redmond, Wash.) and transferred for analysis to
SPSS 21.0 (SPSS Inc, Illinois). Considering the reduced
sample, Kruskall–Wallis test was used to evaluate the
statistical signiﬁcance of differences between the three
measures obtained within the same session. Comparisons
between data from the same observer on different ses-
sions were evaluated using Wilcoxon signed ranks test
while differences between observers on session 2 were
compared by Mann–Whitney U-test. Spearman’s correla-
tion coefﬁcients (CC) and best ﬁt linear equations were
computed to assess the correlation between measures
between repeated measures obtained in two different ses-
sions. Interclass correlation coefﬁcient (ICC) was also
computed to estimate the proportion of variability
between subjects compared with overall variability. A
p-value lower than 0.05 was considered statistical
signiﬁcant.
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Figure 2. OCT image representing a CL with a steep ﬁt. Arrows identifying different values obtained (A) and schematic drawing of
the same structures at an exaggerated scale to highlight the different parameters obtained (B). (The colour version of this ﬁgure is
included in the online version of the journal.)
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Results
Table 1 presents the average values of thickness
averaged from three repeated measures in each session
(Session 1 and Session 2) for both observers (Observer 1
and Observer 2). There was a high level of agreement
between the measures obtained by each observer on each
session. Overall, this agreement was stronger for the
thicker layer with higher CC and ICC and weaker from
the thinner layers. However, differences between sessions
for the same observer were non-statistically signiﬁcant
for any of the layers and for any observer (Wilcoxon
signed ranks test, p > 0.05). A closer observation to the
average of individual data from three repeated measures
carried out on session 1 by each observer, showed that
no statistically signiﬁcant differences were found either
(Kruskall–Wallis, p >> 0.05). No statistically signiﬁcant
differences were observed between the thickness of
different layers when obtained from each one of the
observers (Table 2) demonstrating an acceptable within-
observer repeatability.
Table 3 shows the comparisons between average val-
ues of observer 1 and observer 2 on session 2. There
were not signiﬁcant differences between both for any of
the parameters measured, displaying also high correla-
tion, and in ICC for all layers under analysis. Figure 3
illustrates the correlation between direct and indirect
measures of total corneal and stromal thicknesses.
Discussion
Corneal thickness is important to accurately estimate the
anatomical characteristics and physiological function of
the cornea [15]. At present, full corneal thickness and
sub-layer thickness are mainly evaluated in the clinical
practice as an indicator of corneal function and
health [16]. As an example, the epithelial tissue may
become thinner as a result of continued wear of hydrogel
CLs, due to overnight wear as occurs during
orthokeratology treatment, or in ectatic disorders such as
keratoconus [17–19].
The most common approaches to measure the corneal
thickness in the clinical setting and in research studies
are currently ultrasound (US) pachymetry and optical slit
methods such as Orbscan [20,21] Pentacam [21], Sirius
[22], or Galilei [23]. However, none of these methods is
able to separate the different corneal layers (i.e. epithe-
lium, bowman, and stroma) from the total thickness.
Anterior segment OCT is a high-resolution technique that
obtains cross-sectional images of the eye in vivo non-
invasively. It allows measuring the thickness of different
layers of tissues, as well as their overall thickness and
the relationship between the ocular surface and CLs [24].
It is also used to evaluate their physiological effect onto
the stromal and epithelial thickness [25]. Wirbelauer and
colleagues [26] showed that, for clinical purposes, central
corneal pachymetry with slit lamp-adapted OCT could be
an accurate and reproducible technique with a high
degree of agreement compared with US pachymetry.
However, such technique would be unable to measure
separately the different corneal layers. In this study, the
cornea was evaluated in detail using a high-resolution
spectral domain OCT to measure the corneal thickness
layer by layer in manual mode, assessing reproducibility
between different observers in one single session and
between two different sessions, as well as the reliability
of each observer.
Differences between manual and automatic segmenta-
tion of the tissues have been under the scope of previous
research [27]. Overall, the automatic segmentation fails
to separate the thinner layers or the post-lens tear-ﬁlm
space and bowman layer in most instruments. This is the
reason why manual segmentation was chosen for the
purposes of this study. Furthermore, both direct and indi-
rect estimates of layer thickness were used. The second
strategy might allow to improve repeatability in the
detection of some thin layers whose thickness can be
obtained by the difference between two other thicker lay-
ers. The thicker the layer, the lower the error we might
have in measuring it; thus, resulting in an overall better
accuracy of the layer we intend to measure.
Previous authors already noticed that the failure of the
determination of the corneal layers boundaries was related
with the fact of OCT image have a low signal to noise ratio
and contains image non-homogeneities; the boundary
detection methods are dependent upon the image gradient
obtained from the noisy OCT image; and the inner bound-
aries of the OCT image are indistinct [28]. Increasingly
complex algorithms are being applied for such automatic
detection [28,29]. So there are at least two studies that
evaluated accuracy by automatic algorithms segmentation
of retinal layers [27] and also corneal layers [29], conﬁrm-
ing that the automatic algorithm accurately segmented reti-
nal and corneal layers in normal eyes. Despite this, it has
been pointed out that different observers might provide
slightly different results, while within clinically acceptable
levels of variability [29]. Our results also showed that the
repeatability and the average values obtained by different
observers might be slightly different, particularly for the
thinner layers under evaluation. Despite this, the values
obtained are in good agreement with those expected for
the given layers in normal eyes [17,30,31] and do also
present an acceptable level of agreement between
observers and between measuring sessions.
The inter-session repeatability (Table 1) was calcu-
lated considering the mean value of three repeated mea-
sures of the central corneal layers thickness in each
session by each observer. The evaluation of thicker lay-
ers as CL, stroma (by indirect and direct evaluation),
4 P. Rodrigues et al.
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and total cornea (by indirect and direct evaluation)
showed strong inter-session correlation values (Pearson’s
CC and ICC) above 0.80 being also statistically signiﬁ-
cant, revealing that it is reliable to compare thickness
values of the structures under evaluation at different
sessions. Muscat et al. [32] studied the inter-session
reproducibility of total corneal thickness (ICC = 0.979)
and it could be seen from their report that the mean dif-
ference between different sessions was in average about
4 μm (p > 0.05). Present results are in agreement with
Muscat et al., showing similar values for the differences
in corneal thickness obtained from different sessions.
Table 2. Comparison of means among three measurements of layer thickness performed by each observer within the same session.
Session 1
Observer 1 Observer 2
m1 (μm) m2 (μm) m3 (μm) pa m1 (μm) m2 (μm) m3 (μm) pa
Pre-lens tear
ﬁlm
15.60 ± 3.29 13.20 ± 4.38 17.80 ± 4.38 0.239 15.20 ± 3.35 11.80 ± 4.27 13.80 ± 7.16 0.594
Lens 427.20 ± 5.76 427.60 ± 3.85 424.80 ± 6.10 0.677 426.80 ± 6.87 429.60 ± 5.18 428.40 ± 4.10 0.728
Interface1 8.67 ± 7.37 8.33 ± 4.62 9.67 ± 3.21 0.951 7.67 ± 1.53 9.00 ± 2.65 8.67 ± 3.06 0.800
Interface2 14.67 ± 5.03 14.00 ± 5.29 14.67 ± 5.03 0.983 8.00 ± 3.46 10.00 ± 3.46 9.33 ± 2.31 0.739
Epithelium 45.80 ± 5.40 43.80 ± 3.90 39.80 ± 6.10 0.221 43.00 ± 2.45 42.20 ± 4.15 42.20 ± 4.60 0.931
Bowman 7.20 ± 3.90 7.60 ± 2.61 10.40 ± 4.56 0.375 9.60 ± 4.77 8.80 ± 5.22 9.60 ± 5.37 0.960
Stroma
(indirect)
479.40 ± 12.76 475.40 ± 11.78 473.80 ± 13.01 0.772 476.00 ± 10.91 475.80 ± 10.45 474.20 ± 12.93 0.964
Stroma
(direct)
473.80 ± 15.40 475.00 ± 13.11 477.00 ± 12.96 0.935 473.80 ± 14.25 473.00 ± 15.23 472.60 ± 15.13 0.992
Cornea
(indirect)
524.00 ± 15.03 526.40 ± 13.59 529.20 ± 13.39 0.844 524.40 ± 16.09 524.00 ± 17.38 524.40 ± 15.58 0.999
Cornea
(direct)
529.60 ± 12.60 526.80 ± 12.62 526.00 ± 13.04 0.897 526.60 ± 13.56 526.80 ± 13.39 526.00 ± 14.21 0.995
aSigniﬁcance for comparison of means (Kruskial–Wallis).
Table 3. Comparison between observers in determination of layer thicknesses obtained on session 2.
(Session 2_Obs 1 vs. Session 2_Obs 2)
Obs 1#session 2
(μm)
Obs 2#session 2
(μm) pa
Spearman Rho
(sig.)b
Interclass correlation coefﬁcient
(sig)c
Pre-lens tear 15.47 ± 4.91 12.93 ± 2.81 0.094 0.473 0.520
(0.075) (0.058)
Lens 426.40 ± 5.87 428.93 ± 4.83 0.207 0.823 0.847
(<0.001) (<0.001)
Interface1 9.67 ± 2.18 7.78 ± 3.19 0.162 0.581 0.626
(0.101) (0.053)
Interface2 12.44 ± 3.00 10.00 ± 2.83 0.095 0.088 0.154
(0.821) (0.596)
Epithelium
(direct)
41.93 ± 4.20 42.07 ± 2.91 0.920 0.683 0.792
(0.005) (0.004)
Bowman’s layer 10.00 ± 3.55 7.07 ± 2.12 0.010 0.684 0.579
(0.005) (0.007)
Stroma (indirect) 473.27 ± 12.35 475.53 ± 11.12 0.601 0.985 0.981
(<0.001) (<0.001)
Stroma (direct) 476.87 ± 11.30 476.47 ± 11.89 0.925 0.948 0.974
(<0.001) (<0.001)
Cornea (indirect) 528.80 ± 12.55 525.60 ± 13.42 0.506 0.925 0.947
(<0.001) (<0.001)
Cornea (direct) 525.20 ± 13.48 524.67 ± 12.37 0.911 0.982 0.990
(<0.001) (<0.001)
Notes: Bold indicates statistical signiﬁcance for differences or correlations.
aSigniﬁcance for comparison of means (Kruskal–Wallis).
bSigniﬁcance value for correlation analysis (Spearman correlation).
cSigniﬁcance value for ICC.
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The intra-session reliability of thickness of different
layers was also assessed comparing three repeated mea-
sures of each layer for each observer (Table 2). This
work did not ﬁnd differences between the three repeated
acquisitions carried out from each layer, neither observer.
This suggests that corneal thickness measurements
obtained by OCT are robust and relatively free from var-
iability what supports its use at least from the same
observer overtime. Similar results have been previously
reported for total corneal thickness and epithelial thick-
ness [33]. However, our results suggest the reliability of
the epithelium might be a little bit lower when compared
with the total corneal thickness, in agreement with the
thought that thinner layers are determined manually with
higher uncertainty, thought within acceptable limits for
repeated measures [25].
Inter-observer repeatability was evaluated with the
data from the second session as this was supposed to be
the point when both observers were more consistent in
their evaluations. A previous investigation [32] showed
that the ICC for inter-observers reproducibility was
0.998 for central corneal thickness. This has been quite
similar to the values reported by us for the ICC values
of the indirect measure of CCT (ICC = 0.947). The ICC
for the direct measure was a little bit lower
(ICC = 0.990), conﬁrming that the indirect measure of
layers in anterior segment OCT might improve repeat-
ability. It has been observed that the measurements of
thinner structures displayed a lower correlation between
different observers (Table 3). Bowman’s layer thickness
obtained was within the range 7–10 μm, which is
slightly lower than those reported in the literature [4,34].
Pre-lens tear thickness values were higher than those
reported by other authors [35,36] but the differences
observed could be explained by the type of CL used,
which was not the same. The intra-observer repeatability
for these layers was satisfactory for clinical purposes.
Mean epithelial thickness was more reduced than deter-
mined by ultrahigh-resolution spectral domain OCT [32],
but similar to the values reported in a study that used a
modiﬁed pachymeter [17].
In summary, the present results suggest that manual
segmentation of anterior segment OCT images in CL
wearers provides acceptable levels of repeatability
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Figure 3. Representation of correlation between total cornea’s thickness (A) and total stroma’s thickness (B) evaluations obtained
under direct and indirect method by OCT. The vertical axis represents the indirect measurements and the horizontal axis shows the
direct measures. The bold line is the trendline, and there is also presented the equation that represents the trendline and also the value
of determination (r2). (The colour version of this ﬁgure is included in the online version of the journal.)
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between observers and between different sessions for the
thinner layers, while presenting a high level of repeat-
ability for the thicker layers.
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